It has been demonstrated that physical activity increases bone mass in both the young (1, 2) and the elderly (3, 4) . However, the benefit of exercise on bone may depend on several factors, such as the type of exercise undertaken (5, 6) , estrogen levels in females (7, 8) and calcium metabolism (9) (10) (11) . Factors of food intake, such as the amount of calcium and the number of calories ingested, seem to be important for regulating bone metabolism during exercise. Voluntary running increases the calcium use in rats (10) . Vigorous weight-bearing exercise increases the dermal calcium excretion and does not increase the bone mass without adequate calcium supply (11) . Physical exercise increases energy consumption, leading to a decrease in body weight if additional calories are not supplied during the exercise. Since the effect of the exercise on bone depends on the load on the skeleton, changes in body weight during weight-bearing exercise may modulate the effects on bone and turnover (12) (13) (14) . The effect of reduced body weight gain because of exercise seems to be critical in adolescence, when bone mass and body weight increase rapidly (15, 16) .
Against this background, we performed experiments using rats that underwent voluntary running exercise for 3mo. To discriminate the effects of the weight-bearing exercise and calorie intake, we compared pair-fed running rats with and without glucose supplementation, measuring the parameters of bone mass, bone markers, and the trabecular bone histomorphometry. We evaluated the menstrual condition based on the distances run daily.
MATERIALS AND METHODS

Experimental design
Grouping Serum levels of calcium, phosphorus, bone speck ALP, TRAP, and total protein Serum calcium or phosphorus levels did not differ among groups (Table 3 ). The total protein values were significantly less in Group 2 than in Group 1. The values in Group 3, however, were significantly greater than those in Group 2. Serum glucose levels in Group 2 were significantly greater than those in Group 1, and the values did not differ between Group 3 and Group 2. Serum bone specific ALP (bALP) activity levels were significantly greater in Group 2 than in Group 1, but the difference between Groups 2 and 3 was not significant. Serum TRAP activity was significantly greater in Group 2 than in Group 1, and the values in Group 3 were less than those in Group 2. Size and contents of ash, calcium, and phosphorus for the femur, and levels of total protein and activities of ALP and TRAP for the humerus Length of the femur was significantly greater in Group 3 than in Group 2 ( Table 4) . The values of ash, calcium, and phosphorus contents were significantly greater in Group 1 and Group 3 than in Group 2. However, when these parameters were corrected for body weight, the values in Group 3 did not significantly differ from those in Group 2.
No difference was found in the total-protein levels of the humerus among the three groups. However, the ALP activity was significantly lower in Group 2 than in Group 1, and it was greater in Group 3 than in Group 2. The TRAP activity tended to be higher in Group 2 than in Group 1, and it was significantly less in Group 3 than in Group 2.
BMD and BMC values of the lumbar spine and tibia
The BMD values in Group 2 did not significantly differ from the values in Group 1 in the lumbar spine, the proximal tibia, or the tibial diaphysis ( Fig. 1-A 
Histomorphometry
The trabecular bone volume (BV/TV) values in the proximal tibial metaphysis did not significantly differ among Groups 1-3 (Table 6 ). Neither did the parameters of the mineral apposition rate (MAR), the double-labeled surface (dLS/BS), and the trabecular bone formation rate (BFR/BS). However, the BV/TV and BFR/BS values corrected for body weight in Group 2 were significantly greater than the values in Group concentration was significantly reduced in the exercise group. Although we did not obtain data of lean body mass, these data are compatible with the reduction in the fat content in the body composition of the running rats (22) . The parameters of bone mass did not apparently increase, but the parameters normalized for body weight were increased significantly. Mechanical stress-not only weight-bearing exercise, but also body weight-affects positively on bone metabolism positively, and appendecular bones, such as tibiae and femora, are weight-bearing bones. Therefore to cralify the effect of exercise, the parameters might be normalized for body weight. Furthermore mechanical stress from muscles also affect bone metabolism. Thus the voluntary running exercise regimen seems to be effective in increasing the weight of the skeleton relative to whole body weight by reducing body fat. The glucose supplementation given to running rats apparently also increased the body weight and bone mass. Since similar serum glucose levels were maintained in the rats that underwent the exercise without supplementation, the amounts of glucose voluntarily taken seemed to be within the range of glucose tolerance in the rats. Serum total protein levels were not decreased. Thus one may assume that glucose supplementation supported the development of the body weight in the growing rats. Since the parameters of bone mass were also increased, glucose appeared also to support the age-dependent increase in the bone mass. The parameters of bone mass normalized for body weight did not differ from those of J Nutr Sci Vitaminol the running rats not given glucose. Therefore the bone mass increase by glucose supplement seemed to be closely associated with an increase in body weight. That bone formation was increased by running was indicated by the increases in the serum bALP levels, the ALP levels in bone, and the trabecular bone formation rates. Since the serum TRAP levels, another parameter of systemic bone turnover (23) , were also increased, running seems to have also increased the bone mass by stimulating bone turnover. The increase in the apparent bone mass in the running rats given glucose seems to be due to the reduced bone resorption. Although the serum TRAP may not directly reflect the bone resorption in rats (23) , reduced TRAP levels in the humerus by glucose supplementation is compatible with reduced bone resorption. It has been reported that bone resorption at the organ level measured by calcium kinetics was significantly decreased by increased body weight in growing rats (24) , and that increased mechanical loading alleviated the decrease in the trabecular bone volume by reducing the trabecular bone resorption (25) . These findings and our results suggest that bone resorption may be reduced in the glucose-supplemented rats.
There were some reports that female athletes have a lower BMD compared with age-matched nonathlete subjects (26, 27) . It has been also reported that heavy exercise and dieting reduce the age-dependent increases in BMD in female adolescence (26, 27) . A disturbed estrogen secretion has been suggested to affect skeletal development in females during adolescence (28, 29) . In this experiment, the rats in Groups 2 and 3 were judged to have a normal menstruation cycle based on the rhythm of daily running. The estrogen condition did not seem to be disturbed by the voluntarily running regimen for either Group 2 or 3. Thus the reduction in the age-dependent increase in bone mass in the rats of Group 2 compared with those in Group 3 could be due to an insufficient intake of energy for running exercise. The maintenance of the age-dependent increase in body weight by an adequate energy supply and normal menstruation seems to be important for the normal development of the skeleton in female adolescent runners.
In conclusion, this study confirmed that running increases the bone mass relative to body weight by increasing bone turnover in growing rats, but the age-dependent increase in bone mass was not attained without glucose supplement. Although the exact mechanisms involved are not known, the supplementation of glucose during exercise serves to modulate the effects of weight-bearing exercise on bone cells and bone mass during adolescence. Running exercise increased the bone formation with or without energy supply. However, the maintenance of age-dependent body weight increase by energy supplementation during exercise is suggested to increase the bone mass by reducing the bone resorption.
